The evolution of the human mitochondrial genome is characterized by the emergence of ethnically distinct lineages or haplogroups. Nine European, seven Asian (including Native American), and three African mitochondrial DNA (mtDNA) haplogroups have been identified previously on the basis of the presence or absence of a relatively small number of restriction-enzyme recognition sites or on the basis of nucleotide sequences of the D-loop region. We have used reduced-median-network approaches to analyze 560 complete European, Asian, and African mtDNA coding-region sequences from unrelated individuals to develop a more complete understanding of sequence diversity both within and between haplogroups. A total of 497 haplogroup-associated polymorphisms were identified, 323 (65%) of which were associated with one haplogroup and 174 (35%) of which were associated with two or more haplogroups. Approximately one-half of these polymorphisms are reported for the first time here. Our results confirm and substantially extend the phylogenetic relationships among mitochondrial genomes described elsewhere from the major human ethnic groups. Another important result is that there were numerous instances both of parallel mutations at the same site and of reversion (i.e., homoplasy). It is likely that homoplasy in the coding region will confound evolutionary analysis of small sequence sets. By a linkage-disequilibrium approach, additional evidence for the absence of human mtDNA recombination is presented here.
Introduction
The first complete sequence of human mtDNA, the Cambridge reference sequence (CRS), was published in 1981 (Anderson et al. 1981) and has recently been revised (the revised CRS is herein termed the "rCRS") (Andrews et al. 1999) . Variations in the mtDNA sequence have been analyzed in human populations, both in terms of evolution and population dispersals and in terms of the role that mtDNA mutations play in human disease (Torroni et al. 1996; Howell 1999; Wallace et al. 1999; Ingman et al. 2000) . However, the generation of comprehensive and unambiguous phylogenetic data, especially for the mtDNA coding regions, is limited by the availability of a relatively small number of polymorphisms that have been identified on the basis of the presence or absence of restriction-enzyme recognition sites (Torroni et al. 1996; Wallace et al. 1999) . Alternatively, sequences from the first hypervariable segment of the rapidly evolving noncoding control region, or D-loop, have been used to establish phylogenetic networks of European mtDNA sequences (Richards et al. 1996 (Richards et al. , 1998 , and a combination of both methods was recently used for a comparative analysis (Macaulay et al. 1999) . Reliance on hypervariable control-region sequences, however, is not without controversy, particularly because of the effects that homoplasy and saturation have at sites with high mutation rates (e.g., see Howell et al. 1996). Only recently have complete mtDNA sequences been analyzed (Ingman et al. 2000; Finnilä et al. 2001; Maca-Meyer et al. 2001; Torroni et al. 2001b) . One view is that these studies marked the beginning of the mitochondrial population-genomics era (Hedges 2000) , but the amount of data for mtDNA polymorphisms in diverse human populations is still limited. We report here complete mtDNA coding sequences from 560 unrelated individuals that were collected from U.S. and U.K. populations. All nine European haplogroups (435 individual mtDNA sequences), the three African haplogroups (56 sequences), and five major Asian haplogroups (69 sequences) were analyzed using reduced median networks (Bandelt et al. 1995) . In this initial analysis of these mtDNA sequences, we focus on haplogroupspecific and haplogroup-associated polymorphisms because of their fundamental importance in studies of human evolution, phylogeography, and population genetics (e.g., see Richards et al. 1996 Richards et al. , 1998 Richards et al. , 2000 Finnilä et al. 2001) .
It should be noted that the mtDNA sequences analyzed here were not derived from a single geographical or ethnic population, so it is not possible to derive conclusions about the population demographics and phylogeography of modern humans. Instead, our interest lies more in understanding (1) the processes (i.e., mutation, segregation, and selection) that determine human mtDNA evolution and (2) the role that mtDNAsequence changes play in human disease. As one example of the complexities of the second issue, there are several reports that have identified pathogenic mtDNAsequence changes, but those changes are more likely to be pathogenically benign polymorphisms that are associated with particular mtDNA haplogroups (e.g., see Lin et al. 1992; Chagnon et al. 1999 ). There are several reports of diseases that are preferentially associated with an mtDNA haplogroup (e.g., see Chinnery et al. 2000; Ruiz-Pesini et al. 2000) , and it is thus becoming important, for multiple reasons, to extend our understanding of mtDNA haplogroups.
Subjects, Material, and Methods

Subjects and DNA Samples
Blood samples and frozen brain samples were collected from maternally unrelated individuals (as determined from family-history information) in the United States and the United Kingdom after institutional review board approval and informed consent. We have here included the 64 European and 2 African mtDNA sequences that were previously analyzed for recombination (Elson et al. 2001 ). The U.S. and U.K. samples were from the general population, and the individuals included normal controls, patients with type 2 diabetes, and patients with neurodegenerative disorders (e.g., Alzheimer disease [AD] or Parkinson disease). The sole exception is that sequence 104 is the mtDNA from the CCL2 HeLa cell culture, and the complete sequence, including noncoding control region, is described elsewhere (Herrnstadt et al., in press) .
Total cellular DNA was prepared from either white blood cells or frozen brain tissue, by homogenization and cell lysis at 37ЊC for 12 h in "TE" buffer (i.e., 10 mM Tris-HCl, pH 7.5; 1 mM EDTA) that contained proteinase K (400 mg/ml) and 1% SDS. This step was followed by phenol:chloroform:isoamyl alcohol (50: 48:2) and chloroform:isoamyl alcohol (24:1) extractions. Alternatively, mitochondria were isolated from frozen brain tissue, and mtDNA was extracted as described elsewhere (Mecocci et al. 1994) . DNA concentrations were determined by UV absorption.
DNA Sequencing
The majority (89%) of the mtDNA genome sequences were determined by a largely automated approach at MitoKor, in San Diego. The mtDNA was amplified in 68 fragments, each ∼550 bp in length and with 50% overlap between neighboring fragments. PCR primers were 16-26 nt in length and were designed to be complementary to the light and heavy strands of the rCRS (Andrews et al. 1999 ). All liquid handling was performed by a Biorobot 9600 (Qiagen). PCR amplifications were set up in triplicate, each containing 25-50 ng total cellular DNA or 1 ng mtDNA, 100 ng each of the forward and reverse primers, and 12.5 ml of Taq PCR Master Mix (Qiagen) in a reaction volume of 25 ml. After denaturation at 95ЊC for 2 min, amplification was performed for 30 three-step cycles of 95ЊC for 10 s, 60ЊC for 10 s, and 72ЊC for 1 min, followed by 72ЊC for 4 min and cooling to 4ЊC. Triplicate reactions were pooled and purified with the QIAquick 96 PCR Purification Kit (Qiagen). Sequencing reactions were performed with 3 ml of PCR product, forward or reverse PCR primer, and BigDyeTerminator chemistry (PE Applied Biosystems). Sequencing reactions were manually purified using Centri-Sep 96 plates (Princeton Separations). Electrophoresis and base "calling" were performed using a 3700 DNA Analyzer (PE Applied Biosystems).
Sequencing of mtDNA by the University of Newcastle group entailed PCR amplification of 28 overlapping mtDNA fragments that were then sequenced in both forward and reverse directions by use of BigDyeTerminator chemistry (PE Applied Biosystems). Electrophoresis, sequence analysis, and comparison to the rCRS were performed using a Model 377 DNA Sequencing System and Sequence Navigator plus Factura software (PE Applied Biosystems). The manual sequencing approach used by the University of Texas Medical Branch group involved PCR amplification of ∼300 bp of partially overlapping mtDNA segments, by use of a total of 66 primers and Taq polymerase; ligation of each amplified segment into M13 vector; transformation; and selection of recombinant colonies, by use of standard protocols. Purified single-stranded phagemid DNA was sequenced using a standard dideoxy-chain-termination protocol, [a 35 S]-dATP, universal M13 primers, and high-resolution polyacrylamide gradient gels.
Sequence Analysis and Quality Control
Sequence data for the PCR fragments produced by the automated setup at MitoKor were built into contiguous mtDNA sequences by use of extensive modifications of the source code for the CAP software (see the EMBnet Web site) (Thompson et al. 1994) . These sequences were then aligned with the rCRS (Andrews et al. 1999 ) by use of publicly available software (Pearson et al. 1990 ; programs are available from David Hudson, University of Virginia, P.O. Box 9025, Charlottesville, Virginia 22906-9025) that had been modified to identify mtDNA nucleotide substitutions. The PCR primers were designed to provide ∼50% overlap between neighbors (the primer sequences are not included in the sequence analysis). Therefore, because both strands of mtDNA are sequenced, each base pair is sequenced up to four times to provide a high degree of quality control. We estimate that 97% of the sites in the mtDNA sequences that we studied produced unambiguous results in three or four of the sequencing reactions and that only 3% of the bases were called with two sequencing reactions. Any mtDNA region for which there was sequence information from only one reaction was resequenced. Additional quality-control measures included the following:
1. For 13 individuals, the same mtDNA was sequenced and analyzed twice in a blinded, independent fashion, and perfect agreement for the entire mtDNA sequence was obtained for all of these paired analyses.
2. In 28 experiments, mtDNA sequences for the same individual have been determined from either two different tissues or two different regions of the brain.
In all these instances, sequence agreement was perfect. Therefore, we believe that the degree of accuracy of the sequences reported here is very high. The most serious limitation is that heteroplasmy (i.e., the presence of two or more mtDNA genotypes in a DNA sample) at a site could not be detected because the sequencing software calls only the majority base. Visual examination of the electropherograms that included ambiguous base calls did not reveal any instances of heteroplasmy, but it is clear that a comprehensive and sensitive assessment of heteroplasmy was beyond the technical boundaries of our sequencing approach.
Evolutionary Analysis of Sequences
It is now recognized that standard phylogenetic methods that are based on bifurcating trees, such as maximum-parsimony (MP) analysis, are not best suited for analysis at the intraspecific level (Posada and Crandall 2001) . Such confounding phenomena as homoplasy, extant ancestral sequences, and multifurcations ("star" phylogenies) are especially acute for human mtDNA sequences. Therefore, mtDNA gene genealogies were constructed using reduced-median-network approaches (available in the Network 3.1 program, from the Fluxus Engineering Web site) (Bandelt et al. 1995) . All nucleotide substitutions are indicated relative to the rCRS, and they are designated by two letters bracketing a number (e.g., A750G): the first letter denotes the L-strand nucleotide in the rCRS sequence, the number denotes the nucleotide position, and the second letter denotes the non-rCRS allele. In addition, substitutions limited to the outgroup sequence are not shown in the networks. (Further details are presented in the appropriate subsections of "Results.")
Recombination/Linkage Disequilibrium (LD) Analysis
LD values for pairs of mtDNA sites were calculated using both the and d measures as described in our 2 r previous study (Elson et al. 2001) . LD values as a function of the shortest distance between sites within the circular mitochondrial genome were then derived as Pearson correlation coefficients. The statistical significance of the correlation coefficients was determined with the randomization approach that was used in the previous reports (Awadalla et al. 1999; Elson et al. 2001) . As in our previous study, data sets were randomized 5,000 times.
Results
The mtDNA-Sequence Set and Haplogroup-Associated Polymorphisms
We have assembled and analyzed complete mtDNA coding-region sequences for 560 maternally unrelated individuals of European, African, and Asian descent. In these analyses, the coding region spans nucleotide positions 577-16023, and it includes a small number of intergenic noncoding-spacer base pairs. The coding-region sequences for these 560 mtDNA sequences are published at the MitoKor Web site.
These sequences were initially assigned to haplogroups by use of the polymorphisms that have previously been reported (table 1). Only two of these sequences (mtDNA sequences 327 and 536, the latter of which is described in "The Asian mtDNA Network," below) could not be assigned unambiguously to one of the major haplogroups. The distributions of mtDNA haplogroups, among 435 sequences of European origin that were collected in the United States and United Kingdom, were as follows: 52.0%, for haplogroup H ( ); 3.2%, n p 226 for haplogroup I ( ); 7.6%, for haplogroup J n p 14 ( ); 10.8%, for haplogroup K ( ); 10.6%, n p 33 n p 47 for haplogroup T ( ); 9.7%, for haplogroup U n p 46 ( ); 1.8%, for haplogroup V ( ); 1.8%, for n p 42 n p 8 haplogroup W ( ); and 2.5%, for haplogroup X n p 8 ( ). These proportions differ from those in surveys n p 11 of European populations (Torroni et al. 1996; Wallace et al. 1999) in that our data set has higher proportions of mtDNA from haplogroups H and K, as well as underrepresentation of mtDNA sequences from haplogroups J, U, and V. The reasons for these frequency differences are unknown. No mtDNA from European haplogroup Z ) was found among the sequences from the individuals of European descent whom we studied. It has recently been shown by the same investigators (Meinilä et al. 2001 ) that haplogroup Z probably represents an Asian contribution to the European mtDNA gene pool, because these mtDNA sequences carry the polymorphisms that are associated with haplogroup C of superhaplogroup M. mtDNA samples from Asian haplogroups A-E and African haplogroups L1, L2, and L3 mtDNA sequences were obtained from 69 Asian or Hispanic individuals and from 56 African American individuals, respectively. All except one of these individuals were from the United States (one L1 haplotype was collected in the United Kingdom).
Mitochondrial gene genealogies were constructed using reduced-median-network analysis (Bandelt et al. 1995) . We chose to weight all nucleotide positions, including site 10398, equally (see the different approach of Finnilä et al. 2001) . The outgroup used for the Asian and European networks is an mtDNA sequence from haplogroup L3e (sample 216 from the African network), which is the most recent common ancestor to these major sequence groups. No outgroup was used for the African network, because the mtDNA sequence for the chimpanzee, representing the closest living evolutionary relative to humans, is too divergent for meaningful analysis (e.g., see Posada and Crandall 2001) .
In the present analysis, we focus on haplogroup-associated mtDNA polymorphisms in the coding region. As the initial step in the analysis, a haplogroup-associated polymorphism was defined as a sequence change that occurs in at least two members from one branch of the same haplogroup. Prior to the construction of individual networks, we determined that our entire data set of 560 mtDNA sequences contained 636 sequence changes that occurred in the coding regions of at least two individuals. Of these changes, 139 were eliminated from the present analysis because they were present only in a single mtDNA in each of two or more haplogroups and therefore do not produce any phylogenetic signal. Overall, therefore, the data reported here encompass 497 haplogroup-associated polymorphisms in the mtDNA coding region, 323 of which are limited to a single haplogroup and 174 of which are found in two or more haplogroups (table 2) .
At one extreme, some of these 497 polymorphisms occur in all mtDNA sequences within a haplogroup but not in mtDNA sequences from other haplogroups. These are haplogroup-defining polymorphisms, of which several key examples are listed in table 1, and many more are displayed within the networks in figures 1-4. There are other polymorphisms that occur only in a subset of mtDNA sequences and that define a subcluster of the haplogroup. Within this group, some of these polymorphisms have arisen once during evolution and are associated only with the subcluster; these can be termed "haplogroup specific." However, we have observed a large group of polymorphisms that are associated with mtDNA sequences from two or more haplogroups. In some cases, these are "old" polymorphisms that have arisen once and that are related by descent in two or more haplogroups. For example, a polymorphism at nucleotide position 4216 occurred in the common ancestor to sister haplogroups J and T. In other instances, the same polymorphism has arisen independently (i.e., homoplasy) in two or more haplogroups, in each of which it is associated with a subcluster of sequences. Network analysis also indicates that some polymorphisms have arisen more than once within the same haplogroup.
Of the total of 497 polymorphisms, 235-almost onehalf-are novel (underlined nucleotide positions in figs. 1-4). That is, to the best of our knowledge, none of these 235 polymorphisms have been reported in the scientific literature or at the Mitomap Web site. In addition, it is worth noting that nucleotide positions listed at Mitomap frequently do not indicate association with a particular mtDNA haplogroup. Thus, in the present analysis, we have identified 103 Mitomap polymorphisms that are haplogroup associated or haplogroup specific.
With some rare exceptions, the A750G, A1438G, A4769G, A8860G, and A15326G polymorphisms are common to mtDNA sequences from the African, the Asian, and the European haplogroups, (see table 2), and they are not displayed in the respective networks. The A alleles of these five polymorphisms define a subcluster of haplogroup H that includes the rCRS sequence. In addition, the 750A allele (i.e., the rCRS allele) was present in three L3e mtDNA haplotypes; the 1438A allele was present in two I and the six L1 haplotypes that comprise the L1a and L1c subclusters; and the 15326A allele was present in two L2b haplotypes (figs. 1 and 4). Thus, these results appear to reflect homoplasies in which mutation from the non-rCRS allele to the rCRS allele has occurred two or three times, once in the rCRS subcluster of haplogroup H. The A2706G and C7028T polymorphisms are not present in most of the haplogroup H mtDNA sequences (table 2) , and they are displayed in the European and the H/V "skeleton" networks (figs. 3 and 4; for further discussion, see "The Superhaplogroup H/V Network," below). The 2706A allele, characteristic of mtDNA sequences from haplogroup H, is also carried by two J haplotypes ( fig. 4 ). The G11719A polymorphism is present in all African and Asian haplotypes (table 2) and therefore is displayed only in the H/V and European networks. The C14766T substitution is also common to all African haplotypes, as well as to all but one Asian haplotype, and therefore is not shown in those networks. Nucleotide positions 10398 and 12705 are discussed in the context of the individual networks below.
The African mtDNA Network
The 56 African mtDNA sequences were grouped into 13 L1, 23 L2, and 20 L3 haplotypes ( fig. 1 ). Subhaplogroups of L1 and L3 were designated "L1a," "L1b," "L1c," "L3b," "L3d," and "L3e," as described elsewhere (Watson et al. 1997; Rando et al. 1998 ). Note, however, that Chen et al. (2000) use a different numbering system, although most of the African American mtDNA subhaplogroups that we report here can also be found among the sub-Saharan African subhaplogroups that Chen et al. have reported elsewhere (com-
Figure 1
Phylogenetic network of 56 African mtDNA sequences based on coding-region variations relative to the rCRS. Weights of all nucleotide positions, including site 10398, were equal. Numbers in nodes indicate mtDNA sequences. Nucleotide positions in red are haplogroup specific and appear only on one branch of one haplogroup; nucleotide positions in black are haplogroup associated and occur at least twice within and/or outside this network (see table 2 ). Underlined nucleotide positions are novel and are reported here for the first time. The black square was chosen deliberately as the center point of the network. In this network, as well as in all other networks (figs. 2-4), nucleotide substitutions are transitions unless indicated otherwise by suffixes, which denote transversions. Some branch lengths have been distorted to increase legibility. 1  46  8701  13  9  3  13  23  20  1  1  8860  25  18  13  9  3  220  14  33  47  13  23  20  1  46  42  8  8  11  9055  1  47  9117  1  3  9266  1  1  3  9449  1  2  6  9540  13  9  3  13  23  20  1  9545  1  12  1  1  9548  2  2  9554  1  1  1  2  9667  1  8  9755  1  2  9947  3  1  9950  12  1  10084  4  1  1  10373  1  6  1  10398  13  9  3  13  29  33  13  23  20  1  10400  13  9  3  1  10454  2  1  10586  1  4  10589  2  2  1  10598  1  1  2  10685  1  1  3  1  10810  2  13  10819  1  11  10873  13  9  3  13  23  20  1  10907  1  2  10915  1  3  2  11002  2  3  11176  2  1  1  11251  33  46  11353  2  1  11377  3  1  11467  46  42  11641  2  1  11719  25  18  13  9  3  6  14  33  47  13  23  20  1  46  42  8  11  11800  2  3  11812  1  3 5  11914  12  3  13  3  18  1  2  12007  22  1  2  2  1  12308  47  42  12346 1 1 1 2 (continued) 8  12630  2  3  12642  2  2  12705  25  13  9  3  14  13  23  19  1  8  11  12811  2  1  13020  2  7  1  13105  2  13  10  1  13263  12  4  13590  17  23  13650  13  23  13708  3  1  4  33  3  1  5  13734  2  7  13886  1  3  13934  5  3  13966  3  1 1  13980  1  2  14182  1  1  8  14212  2  11  14233  1  35  14308  1  1  2  14364  4  1  1  14470  1  1  1  1  11  14560  1  11  14569  3  2  1  14766  25  17  13  9  3  2  11  33  46  13  23  20  1  46  42  8  11  14769  1  6  1  14783  13  9  3  1  14798  24  47  14905  3  4 6  15043  13  9  3  13  1  5  15099  1  2  15110  1  3  1  15115  1  7  15218  2  13  15236  2  1  15244  1  7  15257  6  3  15301  1  13  9  3  1  1  23  20  1  1  15326  25  18  13  9  3  220  14  33  47  13  21  20  1  46  42  8  8  11  15452 A  33  46  15670  1  2  5  15758  6  1  1  15775  1  2  15784  1  1  1  1  17  3  4  15812  3  1  15884  1  3  4  15924  3  11  1  12  2  1  15930 6 2 1 a Capital-letter suffixes that follow some nucleotides indicate transversions and the new L-strand base. b Numbers in parentheses denote the number of sequences for each haplogroup. c The nucleotide position is within the coding region, but these sites are in the small noncoding spacers between genes.
pare our network, fig. 1 of the present article, with their fig. 2 and table 2 ). Nucleotide changes relative to the rCRS that are common to all mtDNA sequences of the three African haplogroups (with the exception of one L3 haplotype, i.e., sample 309) are A8701G, T9540C, A10398G, T10873C, and C12705T. This network displays a large number of haplogroup-specific and haplogroup-associated polymorphisms relative to the rCRS. The L1-and L2-haplotype sequences are more distant, in terms of the number of mutational steps (the equivalent to "branch length" in phylogenetic trees), from the rCRS than are the L3-haplotype sequences, thus supporting the view that haplogroup L3 is the most recent common ancestor of the Asian and European haplogroups (Ingman et al. 2000) . However, there are relatively few polymorphisms shared between the African mtDNA sequences and those of Asians and Europeans, so phylogenetic support for this proposition is weak.
Figure 2
Phylogenetic network of 69 Asian mtDNA sequences based on coding-region variations relative to the rCRS. True Asian sequences are indicated by blue nodes or blue numbers inside white nodes. Weights of all nucleotide positions, including site 10398, were equal, except that a TrC substitution at nucleotide position 961 creates an unstable poly C tract. Numbers in nodes indicate mtDNA sequences. Red, black, and underlined nucleotides are as defined in the legend for figure 1. Broken lines indicate the presence of reticulations, and unbroken lines show the most likely route of evolution. The outgroup is an mtDNA sequence of African ancestry that belongs to haplogroup L3e (sample 216 from the African network).
African L3 haplotypes are characterized by the absence of L1/L2-specific polymorphisms at nucleotide positions 769, 1018, 3594, 4104, 7256, 7521, and 13650 . Three of these sequence changes are reported here for the first time, whereas another three are listed on the Mitomap Web site but have not been associated with the L1/L2 haplogroups. The L1/L2-specific polymorphism at nucleotide position 3594 has been described elsewhere (Chen et al. 1995; Wallace et al. 1999) . There is no single polymorphism that is specific to all L3 haplotypes, although the G15301A polymorphism occurs in all L2-and L3-haplotype mtDNA sequences (and in one L1-haplotype sequence), in which it caused a reticulation that was resolved by assuming that it arose independently on three separate occasions (fig. 1) . The L3b and L3d subclusters are characterized by specific nucleotide changes (fig. 1) , and the A10819G and T14212C polymorphisms distinguish the L3e subcluster from haplogroups L1 and L2, although these polymorphisms were also found in a few "singleton" European mtDNA sequences (table 2). Sequence 104 is that of HeLa mtDNA and is described in further detail elsewhere (Herrnstadt et al., in press) .
In addition to the L1-specific T10810C polymorphism that has previously been reported (Wallace et al. 1999) , the T825A, G2758A, T2885C, T7146C, C8468T, C8655T, G10688A, and C13506T polymorphisms were found only in haplogroup L1 mtDNA sequences in our sequence set. The T2416C, G8206A, A9221G, T10115C, and T11944C polymorphisms were present exclusively in haplogroup L2 mtDNA sequences. There are two distinct subclusters within the L2 haplogroup that are characterized by multiple specific nucleotide substitutions and that have been designated "L2a" and
Figure 3
Skeleton network of H/V mtDNA sequences. A set of 226 mtDNA sequences that belong to haplogroup H and 8 sequences of haplogroup V were used to build a skeleton phylogenetic network. Sequences that are included in the skeleton network were limited to haplotypes that appeared at least twice within the data set, with the provision that the use of the term "haplotypes" in the present article is limited to haplogroup-associated polymorphisms in the coding region. A total of 40 different haplotypes (nodes) were obtained. Weights of all nucleotide positions were equal. Red, black, and underlined nucleotides are as defined in the legend for figure 1. The outgroup is an mtDNA sequence of African ancestry that belongs to haplogroup L3e (sample 216 from the African network). "L2b" ( fig. 1 ; see also Torroni et al. 2001b ). Note that mtDNA sequences 222 and 385 have additional sequence changes, and these sequences may constitute a more "ancient" branch of subgroup L2a. Nucleotide polymorphisms T7389C, T13789C, and G14560A are specific to the L1b and L1c subclusters, whereas L1a is characterized by a large set of specific nucleotide changes, possibly indicating the ancestral status of L1a among all of the haplogroup L subclusters. We obtained further support for this suggestion when phylogenetic relationships among the L haplotypes were ascertained by MP analysis with PHYLIP, version 3.5c (Felsenstein 1993) . A total of 1,000 MP trees were saved and were used to generate a bootstrap consensus tree with the chimpanzee mtDNA coding-region sequence as the outgroup. The resultant MP tree (see the inset to fig. 1 ) placed haplogroup L1a closest to the outgroup on a branch independent of all other haplogroup L mtDNA sequences (the bootstrap retention value was 100%).
Polymorphisms that are common to haplogroups L1 and L2 both, in addition to C3594T (Wallace et al. 1999) , are G769A, G1018A, C3594T, A4104G, C7256T, T7521C, and C13650T. The A13105G polymorphism occurs in haplogroup L1, L3b, and L3d mtDNA sequences, as well as in one L3e sample. In a similar fashion, the T2352C polymorphism occurred in L1b and L3e mtDNA sequences. These shared polymorphisms did not induce reticulations in
Figure 4
Phylogenetic network of 259 European mtDNA sequences based on coding-region variations relative to the rCRS. All members of haplogroups I-K and T-X are displayed plus 50 randomly selected sequences of haplogroup H. Weights of all nucleotide positions, including site 10398, were equal. Numbers in nodes indicate samples. Red, black, and underlined nucleotides are as defined in the legend for figure 1. The outgroup is an mtDNA sequence of African ancestry that belongs to haplogroup L3e (sample 216 from the African network). the network, because the network program uses haplotype frequencies to help resolve reticulations caused by homoplasy. However, an A15301G nucleotide substitution was found both in the haplogroup L2 and L3 mtDNA sequences and in a single L1c haplotype, thereby causing a reticulation within the network. This reticulation was resolved by assuming independent origins in the L2 ancestor, the L3 ancestor, and the single L1 haplotype. The confidence in this resolution was bolstered by the observation that this site has undergone mutation at other times during evolution (see table 2 ). Polymorphisms at positions G709A, G3010A, T6221C, G11914A, C12705T, G14905A, and G15043A were found in European and African haplogroups both (table 2). These results suggest either parallel mutations at these sites or very old mtDNA alleles that arose in African mtDNA sequences and which subsequently evolved from a common ancestor to "newer" European mtDNA sequences (especially C12705T) in which they underwent "reversion" on multiple occasions.
The Asian mtDNA Network
The 17 Asian and 52 Native American mtDNA haplotypes are clustered within Asian haplogroups A-E ( fig. 2) . Native American mtDNA sequences were distinguished from those of true Asian ancestry via the D-loop polymorphisms C16111T and T16325C (not shown) in the A and B haplotypes and the C and D haplotypes, respectively (Alves-Silva et al. 2000) . The Native American sequences do not form subclusters separate from the true Asian sequences, because no distinguishing sequence changes were found within the mtDNA coding regions. For example, the central node of haplogroup B and a small node of haplogroup A contain both Asian and Native American sequences. Superhaplogroup M is defined by the polymorphisms C10400T (Torroni et al. 1993) , T14783C, and G15043A and contains haplogroups C-E (Torroni et al. , 1994b . All Asian mtDNA sequences that belong to superhaplogroup M carry the substitutions A8701G, T9540C, A10398G, T10873C, C12705T (also present in all of haplogroup A), and G15301A (table 1). The sequence of mtDNA sequence 536, one of the two mtDNA sequences that could not be assigned unambiguously to a major haplogroup, is unusual in that it carries the C10400T, T14783C, and G15043A polymorphisms, which are specific for M haplotypes. However, this mtDNA does not carry any of the C-E or G haplogroup-specific polymorphisms (the haplogroup G-specific markers are HaeIII and HpaI sites at nucleotide positions 4830 and 4831, respectively; see Wallace et al. 1999) . As a result of this lack of haplogroup-specific polymorphisms, this mtDNA sequence locates closely to the outgroup sequence, and it is possible that mtDNA sequence 536 may descend from an ancient ancestor to superhaplogroup M. Alternatively, this mtDNA may be a member of an Asian subcluster other than C-E or G. The availability of additional Asian mtDNA sequences (e.g., see Maca-Meyer et al. 2001 ) may help resolve this issue.
Haplogroup E was represented here by mtDNA sequences 169, 214, and 287, which form an unresolved reticulation that involves nucleotide positions 3705 and 4491 (binary characters for the three samples are 01, 11, and 10, respectively, for G3705A and G4491A). This haplogroup assignment, which is tenuous, was made because mtDNA sequence 214 carries the haplogroup E-specific polymorphism at nucleotide position 7598 (table 1) and because these three sequences clearly cluster together. Furthermore, the sequence of mtDNA sequence 214 strongly resembles six E-haplotype mtDNA sequences that were collected in Guam. The Guamanian mtDNA sequences were not included in the present analyses, but we have observed that they carry the T3027C, G7598A, C13626T, and T14577C polymorphisms, which are also present in mtDNA sequence 214. Our sequence data thus suggest that the polymorphism at nucleotide position 7598 may not be present in all E haplotypes (although it is haplogroup specific). Additional analysis of complete Asian mtDNA sequences should clarify the phylogenetic relationships.
All haplogroup A mtDNA sequences and haplogroup B mtDNA sequences (except mtDNA sequence 178) are characterized by both the loss of the G15301A substitution and the presence of the A663G, A1736G, T4248C, A4824G, G8027A, and C8794T polymorphisms. One reticulation in haplogroup A was resolved by the occurrence of parallel mutations at nucleotide position 12007 (which are indicated by the unbroken lines at this network region of fig. 2 ). An additional reticulation was resolved by down-weighting C insertions after nucleotide position 966 in mtDNA sequences 332 and 376. A TrC transition at nucleotide position 961 gives rise to an unstable poly C tract that is prone to expansion by one or two C residues (the TrC transition at nucleotide position 16189 of the control region has the same effect). Haplogroup B forms two main clusters designated "B1" and "B2," each characterized by specific sets of polymorphisms (fig. 2) . The G15301A polymorphism, which is present in superhaplogroup M, was also found in a single B haplotype (i.e., mtDNA sequence 178), thereby causing a reticulation that was resolved ( fig. 2; unbroken lines) by the assumption that the 15301 ArG mutation occurred in both the main B cluster and haplogroup A. Note, however, that resolution of these reticulations requires assumptions that are not entirely satisfactory. For example, it must be as-sumed that the 12007 polymorphism has arisen three times among sequences that radiate from one node of the haplogroup A network (fig. 2) . This site is clearly homoplasic, and other occurrences of this mutation can be found in our networks (see table 2), but the apparent occurrence of a mutation three times in such a short evolutionary time span is highly improbable under the simple models of evolution that are used for phylogenetic analysis.
mtDNA sequence 178 was identified as a B haplotype on the basis of the presence of both the 9-bp deletion between COII and tRNA Lys Wallace and Torroni 1992) and substitutions at A16182C and T16217C, in the D-loop (data not shown). However, this mtDNA does not carry the polymorphisms at nucleotide positions A827G, G4820A, G13590A, and C15535T that are associated with all other B haplotypes. Thus, mtDNA sequence 178 may descend from an ancient pre-B-haplotype mtDNA and thus may represent another example of an extant ancestral sequence.
The Superhaplogroup H/V Network
A total of 234 mtDNA sequences from haplogroups H and V were analyzed for this study. However, the resultant network was essentially uninterpretable, because of the large number of sequences. Therefore, a skeleton network for haplogroups H and V was constructed to display these mtDNA sequences in a more concise and yet meaningful format. Coding-region sequences were analyzed that were represented at least twice within the data sets for haplogroups H or V (excluding private polymorphisms). A total of 152 sequences (147 of 226 H haplotypes and 5 of 8 V haplotypes) met this criterion, and these yielded 40 different mtDNA H/V haplotypes. Complete sets of haplogroupspecific markers are shown in figure 3 , and most of the homoplasies within the H/V cluster are omitted during construction of the skeleton network (data not shown). In the complete H/V network, there were a number of homoplasies that resulted in simple reticulations. This result is expected when a large number of sequences emanate from a node (Bandelt et al. 1995) .
The skeleton network reveals that the haplogroup H mtDNA sequences form four subclusters, the two largest of which are starlike. The occurrence of the main H1 and H2 subclusters, which are defined by polymorphisms 3010A and G1438A plus G4769A, respectively, confirm and extend a previous analysis . The main branch of the H2 subcluster contains the mtDNA sequences that are closest to the original CRS, as defined by the rare 750A, 8860A, and 15326A polymorphic alleles. In addition, two new subclusters are described here that are designated "H3" and "H4." The H3 subcluster contains a rather large number (14) of sequences and is defined by the T6776C polymorphism. The small H4 cluster, on the other hand, is interesting because it is characterized by eight polymorphisms, half of which (C3992T, A4024G, T5004C, and A14582G) have not been previously described. The G8269A H4-subcluster polymorphism was previously found in haplogroup J sequences only , and the G9123A and C14365T H4-subcluster polymorphisms have been reported (see the Mitomap Web site) but have not been associated with any particular haplogroup. The markedly longer branch length of the H4 subcluster suggests a relatively old origin for this branch of the H/V haplogroup (see also the analyses of Richards et al. 2000) , whereas the starlike nature of the H1 and H2 subclusters suggests that the populations that carry these mtDNA sequences have undergone recent expansions.
We identified 12 haplogroup H mtDNA sequences, on the basis of both CRS allele status at nucleotide positions 11719 and 14766 and the lack of polymorphisms specific for non-H haplogroups, that did not carry either the 2706A or the 7028C CRS alleles, although these alleles do occur in the vast majority of haplogroup H mtDNA sequences (e.g., see fig. 1 of Finnilä et al. 2001 ). These 12 sequences can be assigned unambiguously to the network branch that leads to the V cluster, 5 of which are shown in the skeleton network in figure 3 (the other 7 sequences each have a unique array of coding-region haplogroup-associated polymorphisms and hence are not included in the skeleton network). Sequence data for the control region (not shown) show that 3 of these 12 sequences carry the V-associated 72C and 16298C (all 12 are 16256C) alleles and thus are "pre*V sequences," in the terminology of Torroni et al. (2001a) ; the other 9 mtDNA sequences carry the H-associated 72T and 16298T alleles, and these mtDNA sequences appear to constitute an even earlier node on the branch that separates H and V sequences. The G11719A polymorphism is also a marker for the H/V cluster (Saillard et al. 2000; Finnilä et al. 2001 ), but we find the 11719G allele (that is, the non-H allele) in six haplogroup H sequences (table 2). In the skeleton network in figure 3, four of these sequences (mtDNA sequences 81, 324, 450, and 499) form a branch of the H2 subcluster, and the network thus indicates a homoplasic reversion of the 11719A allele to 11719G.
The European mtDNA Network
The reduced median network of 259 European mtDNA haplotypes ( fig. 4 ) included all sequences of haplogroups I ( ), J ( ), K ( ), T n p 14 n p 33 n p 47 ( ), U ( ), V ( ), W ( ), and X n p 46 n p 42 n p 8 n p 8 ( ), as well as 50 H haplotypes that were ran-n p 11 domly selected from a total of 226. For this network, we used an African L3e outgroup sequence that is nearly identical to the outgroup sequence that was used for network analysis of the Finnish mtDNA sequences ; see legend for fig. 1 ). Therefore, close comparison of these two European mtDNA-sequence sets was possible.
As described elsewhere ), haplogroups I, W, and X form a cluster defined by the haplogroup-associated polymorphism C12705T, which is also found in African and Asian mtDNA sequences (table 2). Haplogroup X is characterized by the haplogroup-specific polymorphism C6371T and three haplogroup-associated nucleotide polymorphisms T6221C, A13966G, and T14470C. The T6221C and A13966G polymorphisms also occur, albeit rarely, in other mtDNA sequences (table 2) , which once again emphasizes the complexities that result from the high frequency of homoplasy in the human mitochondrial genome. Additional sequence changes divide the main branch into two subclusters that are designated "X1" and "X2" (fig. 4) . A reticulation among sequences from haplogroups I, W, and X involves the two sequence changes: one, at nucleotide position 1719, was present in all I haplotypes and all X haplotypes, and another, at nucleotide present 8251, was found in all but one I haplotype and all W haplotypes. Thus, our findings are in agreement with those from the Finnish data set ). Polymorphisms at nucleotide positions 11065 and 14766 were also in conflict, and the resultant reticulation could not be resolved. Haplogroup I forms two major subclusters that are here designated "I1"-defined by the haplogroup-specific A3447G, G6734A, and G8616T polymorphisms-and "I2"-defined by the A15758G polymorphism. There may be a third subcluster on the basis of the occurrence of a small branch that carries the rare 1438A polymorphic allele. Finally, mtDNA sequence 336 lacks a number of polymorphisms that are found in all other I haplotypes, including the A10398G polymorphism, and this mtDNA may be another extant ancestral sequence. A reticulation that involves nucleotide substitution A15924G was resolved to indicate a forward mutation at the I1/I2 ancestral node and then a back mutation in mtDNA sequence 505 ( fig. 4) .
Haplogroup W is defined by the haplogroup-specific polymorphisms T1243C, A3505G, G8994A, C11674T, A11947G, and G15884A, which is in agreement with the findings from the Finnish data set . All haplogroup W sequences in both sets carry these "core" polymorphisms. However, there were no W1 and W2 sequences in our collection, and it appears that their sequences may represent subclusters that are largely limited to Finns. We did identify a new subcluster, designated "W3," that is characterized by the polymorphisms T1406C, A13263G, and T15784C. An additional small branch of haplogroup W carries the C6528T, A10097G, and A15775G polymorphisms, none of which were found in the rather large set of Finnish haplogroup W mtDNA sequences.
Superhaplogroup U/K comprises 20% of all of the European mtDNA sequences. Haplogroup K lies within haplogroup U, as shown elsewhere (Richards et al. 1998; Finnilä et al. 2001) , and it is separated from the U5 cluster by the A1811G polymorphism, along with U2, U4, and the new U9 cluster that is defined by the A2294G, T4703C, A10506G, A14139G, and T15454C polymorphisms. The K cluster is divided into two subclusters, designated "K1" and "K2," by the haplogroupspecific polymorphisms T1189C and T9716C, respectively. The K2 subcluster does not carry the 10398G polymorphic allele (Torroni et al. 1994a) . In our network, haplogroup U mtDNA sequences 84 and 229 form a subcluster that is defined by polymorphisms at nucleotide positions 3348, 7805, and 14179. This subcluster has been designated "U6," because of the presence of the polymorphisms at nucleotide positions 7805 and 14179 in the single U6 sequence reported by Maca-Meyer et al. (2001;  see their fig. 1 ).
The network structures of superhaplogroups J/T and H/V are in general agreement with the Finnish sequences, in regard to their haplogroup-specific and haplogroupassociated polymorphisms and the formation of the J1, J2, T1, T2, H1, and H2 subclusters ). In addition, we identified a small subcluster, designated "J3," that results in a reticulation, which was resolved by assuming a subcluster-specific homoplasy at nucleotide position 10398. A novel subcluster of T2, here designated "T2a," has been defined by the sequence changes T13965C and A14687G, and another subcluster of T2, defined by substitutions G930A and G5147A, has been designated "T2b."
The structure of the European network is unambiguous, even though we did not down-weight the A10398G polymorphism, whereas Finnilä et al. (2001) did down-weight sequence changes at this site. The A10398G polymorphism is noteworthy because of its presence in some European haplogroups that do not appear either to be closely related or to have originated from the same human migrations. Thus, our network analysis indicates the presence of the 10398G (non-rCRS) allele in haplogroups J (except for the J3 subcluster) and I (except for the presumably ancestral I haplotype of mtDNA sequence 336), as well as the haplogroup K1 subcluster. The rCRS 10398A allele is in mtDNA sequences from haplogroups T, W, and X and the mtDNA sequences from the K2 subcluster. These results are most easily explained by the presence of multiple mutations (i.e., homoplasy) at this site. Although the reasons of Finnilä et al. (2001) for down-weighting the 10398 polymorphism were not explicit, it must have been done because of the poly- African" refers to all L-haplogroup mtDNA sequences; "Asian" refers to both Asian and Native American mtDNA sequences.
b Usable sites are those in which the minority allele is present in у5% of the total sequences. We also include the percentage of all sites in the set that were usable. c This is the number of values that did not have div/0 errors (i.e., those due to division 2 r by 0). d For both the and d measures of LD, the correlation coefficient with distance between 2 r sites was determined (see detailed discussion in Elson et al. 2001 ). An asterisk (*) indicates that the value was significantly less than 0 by use of a one-tailed randomization test (Elson et al. 2001) . Superscript letters that follow values indicate that the correlation coefficient was not significantly different from 0. e The numbers in this row are the number of positive d values.
morphism's high frequency of homoplasy. Although we would support a high frequency of homoplasy at this site, we have observed many other sites in the coding region that are also homoplasic (table 2) . Therefore, we have chosen, in the present analysis, to avoid the down-weighting of any sites, although this is clearly an issue that should be explored in subsequent investigations. A number of haplogroup markers do not agree between the data set that we studied and those of the Finnish network . For example, nucleotide substitutions G5773A, G9545A, T11899C, and G12630A were associated with Finnish haplogroups K, K, H, and U5a1, respectively. However, the data set that we studied defines these sites as markers only for haplogroups L3, C, L1, and L2 (figs. 1 and 2), respectively, and they were not found in the European haplotypes that we report (table 2). In the absence of more-attractive scenarios, we suggest that these disparities represent homoplasic events that were differentially detected in the two sequence sets.
LD Analysis of mtDNA Recombination
We recently analyzed a set of 64 European mtDNA sequences by the LD test and obtained no evidence for intermolecular recombination (Elson et al. 2001) . With the availability of additional mtDNA sequences, we have reexamined this question by use of the LD test. We analyzed four mtDNA coding sequence sets: African, Asian, all European, and only haplogroup H. Both the and d measures of LD were used, because the latter 2 r is less sensitive to the confounding effects of allele frequencies (see also the discussion in Elson et al. 2001) .
In all coding-region polymorphic sites used, the minority allele was present in у5% of the sequences. It has been proposed that intermolecular recombination is the most likely explanation when there is a negative correlation between LD and the distance between the site pairs analyzed (Awadalla et al. 1999 ; for further discussion, see Elson et al. 2001) . The results of the LD tests are shown in table 3. There is no evidence for recombination in the African mtDNA sequences, which have the largest number of usable sites for this type of analysis, because the correlation coefficient with both LD measures is 0. In other sequence sets, the results become more complex. There is a slight positive correlation for the European mtDNA sequences when the LD measure is used, but this value was not signifi-2 r cantly different from a value of 0. Furthermore, the correlation drops to 0 when the d measure is used. If only haplogroup H sequences are used, then the correlation with both measures is positive, but neither value is significantly different from 0. Finally, the Asian mtDNA sequences yield a negative LD/distance correlation with both LD measures, and both values are significantly less than 0.
Discussion
The initial, low-resolution studies of human mtDNA sequences yielded starlike phylogenetic trees with a central, apparently "universal" haplotype. Higherresolution studies, however, indicated a more complex pattern in which there were major ethnic-associated sequence sets or haplogroups (reviewed in Richards and Macaulay 2001) . In our analysis of 560 complete mtDNA coding regions from unrelated individuals, 199% of the sequences could be assigned unambiguously to a single mtDNA haplogroup. More importantly, the reduced-median-network analyses substantially expand the catalogue of haplogroup-associated and haplogroup-specific polymorphisms. One important result to emerge from these studies is the relatively large number of sites at which homoplasic events have occurred. Homoplasy complicates phylogenetic analyses, but those effects will be reduced with the additional haplogroup-specific polymorphisms that have been revealed by the complete genome analyses reported here. In addition, 185% of the mtDNA sequences analyzed here also carry private polymorphisms (data not shown). Thus, whereas distinct sets of SNPs were associated with mtDNA haplogroups, all the complete mtDNA sequences were unique, and individuals were found to carry up to an additional 7 nonsynonymous and 12 synonymous nucleotide substitutions in protein-coding genes, up to 4 nucleotide changes each in the ribosomal RNA and tRNA genes, and up to 8 changes in the noncoding control region. The analysis of these private polymorphisms will be the subject of subsequent reports.
The finding of extensive homoplasy within the coding region suggests that there is site variability in the rate of sequence evolution within the coding region. In addition, we have observed that haplogroups often have subclusters that have longer average branch lengths relative to the branch lengths of other subclusters within the haplogroup. The H4 subcluster (fig. 3 ) is the most striking example, but there are several others, including L1a/L1b and L2a/L2b. Several previous studies (e.g., see Richards et al. 1996; Macaulay et al. 1999; Chen et al. 2000) have derived the evolutionary ages of different mtDNA haplogroups by use of simple models of mutation and fixation. The results presented here indicate that further investigation of these key evolutionary processes is necessary and that advocacy of such haplogroup-dating schemes should be tempered with caution. In an important analysis, Torroni et al. (2001b) have obtained evidence that there is not an mtDNA "clock" (i.e., a constant, single rate of DNA evolution) and have provided preliminary evidence that different subclusters within the same haplogroup have evolved at different rates. Those results will undoubtedly catalyze further investigations.
We also analyzed sequences with the LD test to ascertain if there was evidence for mtDNA recombination (we use "recombination" as a general term; see the comments in Eyre-Walker and Awadalla 2001), by use of larger sequence sets. There was a significant decline in LD with separation of sites for the Asian mtDNA sequences, which could indicate recombination. However, there was no correlation for the other three sequence sets that were analyzed (table 3) . Worobey (2001) has shown that recombination tends to make phylogenetic trees more starlike, and it is not surprising, therefore, that the African sequences-which are the least starlike-show no evidence of intermolecular recombination. We chose to analyze the haplogroup H mtDNA sequences separately because they had the networks that are the most starlike, and it was thus possible that recombination had occurred. However, that analysis showed no correlation between LD and distance (i.e., the positive values were not statistically significant). On the basis of these results, we are still unable to find consistent and compelling evidence, with the LD test, for intermolecular recombination among human mtDNA sequences (a conclusion similar to that in Eyre-Walker and Awadalla 2001) . The results obtained with the Asian sequences are not persuasive, because LD is influenced by many factors other than recombination (see the discussion in Elson et al. 2001) . Considerable attention is being paid to the effects that hypervariable sites and site independence have on LD (e.g., see Meunier and Eyre-Walker 2001; Wiuf 2001) . In regard to this latter point, we again emphasize the high rate of homoplasy within the mtDNA coding region (table 2) .
The present results should facilitate the investigation of the roles that mtDNA-sequence changes play in pathological disorders. A number of studies have failed to make the important distinction between frank pathogenic mtDNA mutations and haplogroup-associated polymorphisms (e.g., see Lin et al. 1992; Hutchin and Cortopassi 1995; Chagnon et al. 1999) . For example, Chagnon et al. (1999) concluded that polymorphisms at nucleotide positions 5633, 7476, and 15812 may be risk factors for AD, whereas polymorphisms at nucleotide positions 709 and 15928 may protect against AD. However, these polymorphisms indicate a haplogroup J subcluster and haplogroup T, respectively, and other sequence changes (singly or in combination) in these phylogenetic groups could be involved. The statistical association between a clinical disorder and an mtDNA phylogenetic cluster can have more than one explanation, particularly when such correlations are weak. One possible explanation is that the correlation may reflect complex phenotypic interactions between mitochondrial and nuclear genes. There is a clear association or correlation between the mitochondrial Leber hereditary optic neuropathy (LHON) mutation at nucleotide position 14484 and haplogroup J, which has been interpreted as an influence that one or more mtDNA polymorphisms have on penetrance (Brown et al. 1997; Torroni et al. 1997) . LHON penetrance appears to be modified both by nuclear-mitochondrial and mitochondrial-mitochondrial interactions, and an effect that sequence changes other than the LHON mutation has on such a complex pathogenesis is plausible. There have now been several reports that suggest a preferential association between a clinical disorder and an mtDNA haplogroup (e.g., see Chinnery et al. 2000; Ruiz-Pesini et al. 2000) , but the bases for these associations have not been elucidated. In addition, an mtDNA-haplogroup association has been reported for longevity (De Benedictis et al. 1999) . The possibility that combinations of alleles influence or determine clinical phenotypes has also been observed for SNPs in the nuclear genome (Drysdale et al. 2000; Hoehe et al. 2000) .
It appears that there may be a spectrum of mtDNA mutations that ranges from benign to pathogenic, rather than a simple binary distribution, and that nuclear-mitochondrial interactions may play an important role in disease etiology. Therefore, in a number of diseases with a suspected mitochondrial genetic component in the etiology, it will be necessary to use mitochondrial population-genetics approaches. Determining the pathogenic role of the mitochondrial genome will require more extensive surveys of the mtDNA sequences in different populations and patient groups, but the rapidly increasing collection of sequences provides a necessary point of departure.
